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(57) ABSTRACT

A method of controlling the braking of a tractor-trailer
combination (10) in which the tractor (11) includes a drive
train having an engine and at least one ground-engaging
member (14, 16) driveably connected thereto via an adjust-
able-ratio transmission; at least one ground-engaging mem-
ber (14, 16) of the tractor includes at least one tractor brake;
and at least one ground-engaging member (17) of the trailer
(12) includes at least one further, trailer brake, comprises the
steps of determining (i) the deceleration of the tractor-trailer
combination (10) resulting from braking effort applied via
the tractor brake and/or (ii) the deceleration of the tractor-
trailer combination resulting from engine braking. The
method also includes establishing from one or both the said,
determined decelerations as a target value in a control
system a braking effort of the trailer brake that approximates
the braking of the tractor-trailer combination (10) to the
braking of the tractor (11) when considered alone.

15 Claims, 12 Drawing Sheets
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METHOD OF AND APPARATUS FOR
BRAKING A TRACTOR-TRAILER
COMBINATION

The invention relates to a method of and apparatus for
braking a tractor-trailer combination.

It is well known for agricultural and other tractors to tow
trailing vehicles. Numerous examples exist in many
branches of transportation technology. The invention is
particularly applicable in the case of an agricultural tractor
towing an un-powered trailer such as a grain or beet trailer,
hay wagon, mower, forage harvester, baler or similar vehicle
that requires the traction of the tractor to effect movement.

The invention is also applicable in other situations in
which a trailer is towed. Examples include but are not
limited to articulated goods vehicles; combinations of mili-
tary tractors/cabs and towed vehicles; and two-vehicle for-
estry and snowmobile trains.

A further area in which the invention is useful is that of
tractors the frames of which are articulated to provide a
steering effect about a mid-point, with driven wheels or
other ground-engaging members (such as powered tracks)
attached to both front and rear articulating parts. Such
vehicles are sometimes referred to as “bi-directional” trac-
tors or articulated tractors. Relatively small, wheeled
examples of such tractors are employed e.g. in grass culti-
vation work and forestry; and very large scale machines,
sometimes including tracks as the ground-engaging mem-
bers, are used on large farms.

When the tractor is fitted with four ground-engaging
wheels (or other members such as tracks) the invention is
useable regardless of whether all four, or just two, of the
wheels (or tracks, if present) are driven by the tractor engine.

The foregoing vehicle combinations and types are
referred to generally herein as “tractor-trailer combina-
tions”.

The phenomenon of jack-knifing can arise in use of a
tractor-trailer combination. In this situation forces exerted
forwardly by the trailer via the trailer hitch (i.e. the coupling
to the tractor), or in the case of a 4WD tractor by the rear half
of the articulated chassis via the steering articulation, can
cause dangerous oversteer in the combination.

In an extreme case the forwardly exerted trailer force can
exceed the grip of the ground-engaging members of the
tractor, with the result that the tractor slews, possibly vio-
lently, in a skid situation. Even if no skidding occurs
however the driver/operator of a tractor-trailer combination
that undergoes jack-knifing may find that the combination
becomes impossible to control.

The jack-knife situation therefore is usually extremely
dangerous. Aside from the fact that the mass of the tractor-
trailer combination (which may be several tens of tonnes in
the case of a loaded agricultural trailer) moves uncon-
trolledly, perhaps at speeds of up to 30 km/h, there is also a
danger of a rollover accident if any component of force
generated by the trailer acts even for a short time in a
direction tending to unlevel the tractor.

Tractor and trailer rollover accidents are often very seri-
ous. Even if a complete rollover does not occur during a
jack-knife situation the contact area of the tyres of the driven
wheels of the tractor may reduce, thereby adversely affecting
the characteristics of the combination and for a further
reason making it to harder to correct the jack-knife safely.

Jack-knifing is more likely during turning manoeuvres.
This is partly because at such a time the line of application
of any force exerted by the trailer through the trailer joint is
not aligned with the longitudinal axis of the tractor, so a
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significant component of the forwardly acting force in effect
exaggerates the turning moment acting on the tractor during
the turn.

Also a tractor operator may have to concentrate on several
variable factors while conducting a turn, and this may make
him/her less alert to the possibility of a jack-knife occurring.

It is known to provide heavy trailers with brakes. Typi-
cally these are hydraulic, pneumatic or electric wheel brak-
ing systems the operation of which is linked to operation of
the tractor brakes.

Although known trailer brakes assist the overall braking
effort in a tractor-trailer combination they do not eliminate
jack-knifing. Two types of dangerous situation in particular
arise even when the trailer of a tractor-trailer combination is
braked as described.

Firstly when a tractor operator applies the tractor brakes
they may decelerate the tractor more aggressively than the
trailer brakes decelerate the trailer. As a result the trailer
exerts a forwardly acting (jack-knife inducing) force via the
trailer hitch.

This particular mode of jack-knife initiation derives in
part from the fact that the tractor operator tends to apply the
tractor brakes without taking account of the effectiveness of
the trailer brakes and the mass carried in the trailer. The
trailer brake effort may represent a compromise approxi-
mating to the braking effort needed to slow a trailer that is
filled with a certain average mass. If for any reason (such as
an increased crop moisture content, or over-filling of the
trailer) the trailer contents weigh more than the average
mass the trailer brake performance may be inferior to that of
the tractor brakes, leading to potential jack-knife accidents.
The trailer brake performance may also be inferior to the
tractor brake performance for the simple reason that the
trailer performance is not correctly matched to that of the
tractor; and if the tractor-trailer combination is travelling
downhill this further applies a forwardly acting force via the
trailer joint.

A second mode of jack-knife arises when the tractor
operator releases the throttle pedal, hand throttle or other
throttle/engine governor control used to regulate the speed
of the tractor.

This leads to an engine braking effect, in which the torque
of the engine develops as a turning moment at the driven
wheels of the tractor that tends to slow the tractor-trailer
combination as the engine speed drops.

This braking effect arises without any application of the
tractor brakes taking place. It is particularly pronounced in
an agricultural tractor because the large rotating masses of a
tractor diesel engine can decelerate quickly when the
throttle/governor control is released, and because the driven
wheels of a conventional tractor are of large diameter,
thereby giving rise to a large decelerating moment.

Moreover modern agricultural tractors commonly are
fitted with continuously variable transmissions (CVT’s) of
(typically) the hydrostatic type. As the engine speed reduces
as a result of throttle/governor control release the transmis-
sion ratio automatically decreases as well. This increases the
mechanical advantage offered by the transmission, and has
the effect of increasing the torque developed at the driven
wheels of the tractor. This means that the engine braking
effect is more severe than if the transmission ratio was fixed.

Operation of trailer brakes, if fitted, is usually initiated by
the operation of the tractor brakes. Since as noted during
engine braking the tractor brakes are not activated during the
deceleration period resulting from throttle/governor release
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the engine braking effect brakes the tractor while the trailer
remains completely un-braked so that its full inertial force
acts forwardly via the hitch.

The combination of factors described makes potential
jack-knife situations somewhat likely when using engine
braking to brake a tractor-trailer combination. Again if the
tractor-trailer combination is travelling downhill the effect
may be worsened.

Moreover of course when a tractor operator applies the
brakes of the vehicle the throttle/engine governor usually is
released, giving rise to an engine braking effect in combi-
nation with the pedal braking effect.

The various described modes of jack-knifing inducement
could arise when the tractor-trailer combination is travelling
essentially in a straight line although as indicated jack-
knifing is more likely when the tractor-trailer combination is
turning.

In view of the foregoing there is a need to improve the
braking of tractor-trailer combinations in order to eliminate
or at least reduce the risk of jack-knifing.

According to the invention in a broad aspect there is
provided a method of controlling the braking of a coupled
tractor-trailer combination in which the tractor includes a
drive train having an engine and at least one ground-
engaging member driveably connected thereto via an adjust-
able-ratio transmission; at least one ground-engaging mem-
ber of the tractor includes at least one tractor brake; and at
least one ground-engaging member of the trailer includes at
least one further, trailer brake, the method comprising the
steps of determining a reference deceleration value Ay ,zp
derived from (I) the deceleration of the tractor, when con-
sidered alone, resulting from braking effort applied via the
tractor brake and/or (ii) the deceleration of the tractor, when
considered alone, resulting from engine braking; and using
the reference value as a control input in an open-loop control
to control the braking effort of the trailer brake so that the
braking of the tractor-trailer combination approximates to
the braking of the tractor when considered alone.

An advantage of the method is that by controlling the
braking of the trailer in the manner described the trailer
transmits no net force, during decelerations caused by opera-
tion of the tractor brake or by releasing of the throttle or
governor control, via the trailer hitch. This means that the
trailer does not cause jack-knife situations to arise, and
instead effectively “brakes itself” in a manner that renders
zero its apparent inertia as seen at the tractor.

The control arrangement described operates in an open-
loop manner (i.e. with the target deceleration derived from
the pedal braking effort and/or the engine braking effect fed
forwardly in the control loop). This means that the control
action is computationally straightforward to achieve at low
cost. The control arrangement provides an effective solution
to the jack-knifing problems described.

To this end preferably the method of the invention
includes the steps of determining from is the reference
deceleration value, in accordance with a predetermined
relation, a target value of the braking effort of the trailer
brake.

Preferably, as noted, the method includes the step of
activating at least one said trailer brake in dependence on the
target value. In practice however at least two wheels (or
other ground-engaging members) of the trailer would be
braked under the control provided by the method.

In line with the principles of the invention explained
above, conveniently the reference value is calculated in
accordance with the expression:

25

40

45

FTRACTOR_BRAKES
Ax REF= —F————————
Mrractor

wherein Ay .. is the reference deceleration value;
Frracror sraxes is the brake force generated by the tractor
from the braking effort applied via the at least one tractor
brake and/or by engine braking; and Mz ,-r0ox 15 the mass
of the tractor omitting the mass of the trailer.

Also preferably the target value is generated as a brake
fluid pressure value; and the method includes inputting the
target value into a control system controlling the pressure of
fluid in the trailer brake valve and activating at least one said
trailer brake in dependence on the target value, wherein the
target value of the braking effort of the trailer brake is
calculated based on an average value of fluid pressure in a
circuit including at least one trailer brake.

For the avoidance of doubt it is here stated that optionally
the average value of fluid pressure may be an average of a
time-varying (e.g. regularly pulsing, irregularly pulsing or
slowly time-varying) pressure value; or a time-invariant
pressure value. Of course in the case of a fluid pressure value
that is invariant over the time period during which sampling
takes place the average fluid pressure value and the instan-
taneously prevailing value are the same.

Pulsing or other time variation of the fluid pressure value
may be the result of e.g. operation of an antilock braking
system, or other causes.

By “fluid” in this context is meant hydraulic fluid in a
hydraulic braking system, air or another compressible gas in
a pneumatic braking system, fluids in hybrid fluid-based
braking circuits, and equivalent means. The invention is
applicable equally to pneumatic braking arrangements as to
hydraulic ones.

In more detail therefore the trailer brake preferably
includes a trailer brake fluid line and the predetermined
relation is a combination of:

(1) a function relating on the one hand the pressure of fluid
in the tractor brake fluid line resulting from the appli-
cation of the tractor brake and on the other hand the
braking effort of the trailer brake; and

(i) a function relating on the one hand the braking effort
resulting from engine braking and on the other hand the
pressure of fluid in the trailer brake fluid line.

In particular when the tractor-trailer combination is
braked through engine braking alone or a combination of
engine braking and pedal braking one may consider the
following expression:

FENGINE_BRAKES
Ax pp= ———————,
Mrractor + MrraILER

in which Ay .5 is the deceleration due to engine braking
effects; F ovaive sraxes represents the braking effort result-
ing from engine braking; M, ; 7oz 15 the tractor mass and
Mg er 18 the trailer mass. A, .5 is less than the required
reference deceleration A, .. unless the control described
below is implemented.

Considering the application of the tractor brake,

FPEDAL BRAKES + FTRAILER_BRAKES
Ax_pg =

Mrractor + MrraiLER
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In this expression Ay , additionally is the deceleration
resulting from operation of the tractor brake(s);
Foepar _sraxes 1S the braking effort of the tractor brake(s);
and F oy 417 2r sraxzs 15 the deceleration resulting from acti-
vation of the trailer brake(s) simultaneously with application
of the tractor brake(s). Ay pp is more likely than A, -5 to
approximate to A, - but for the reasons explained above
this is not always the case.

In accordance with the open loop control approach of the
invention:

AX_EB_OPEN_LOOP =

FENGINEfBRAKES + FTRAILERfBRAKE570PEN7L00P

= Ax_REF
Mrractor + MrraiER -

In this expression Ay rz opzn roop 15 the deceleration
resulting from application of the control according to the
invention. In  this the trailer braking effort
Frrimer mrRARES oPEN Loop fepresents a modified braking
effort resulting from the generation of a fluid pressure in the
trailer brake hydraulic line calculated such that
Ay 25 orEnv roop 15 generally equal to Ay ... This elimi-
nates or significantly reduces the risk of jack-knifing occur-
ring.

Conveniently when the reference braking effort value is
determined from the deceleration of the tractor resulting
from braking effort applied via the tractor brake the pressure
of fluid in the trailer brake valve is controlled to be the
prevailing maximum based on the difference between the
reference braking effort value and the value of the braking
effort applied via the tractor brake. Further conveniently the
aforementioned steps terminate if the difference between the
reference braking effort value and the value of the braking
effort applied via the tractor brake is less than a chosen
threshold value.

The method of the invention preferably includes the steps
of measuring or sensing one or more of the following values
and determining the reference value in dependence thereon:

a. the torque developed by the engine;

b. the prevailing ratio of the transmission;

c. the steering angle, as defined herein, of the tractor;

d. the slope on which the tractor-trailer combination

moves; and

e. the vehicle speed.

Such variables may in practical embodiments of the
invention be measured using one or more of a range of
sensing devices the nature and functioning of which will be
known or will readily occur to the worker of skill in the art.

In one optional embodiment of the invention the trans-
mission is a step ratio transmission. As set out herein
however in the majority of cases the transmission is likely to
be a continuously variable transmission. Advantages of this
arrangement are described in further detail below.

Regardless of the exact transmission type embodied the
reference braking effort value calculated during deceleration
resulting from the braking effort applied via the tractor brake
preferably is calculated at least in part in proportion to a
measurable setting of the tractor brake.

In particular the tractor brake preferably includes at least
one fluid line and the measurable setting of the tractor brake
is or is proportional to the pressure of fluid in the line.
However, other ways of measuring the applied tractor brak-
ing effort are within the scope of the invention. For example,
a force transducer could measure the pressure applied to a
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brake pedal during braking; or an accelerometer could
become activated when depression of a brake pedal closes a
switch.

Preferably the reference value calculated during engine
braking is calculated in proportion to the transmission ratio
of the transmission and in proportion to the torque devel-
oped by the engine.

Optionally the method may include the step of measuring
the inclination of the tractor-trailer combination using an
inclinometer. In consequence a compensation signal could
be input to the open-loop control by which the method
proceeds, in order to take account of the slope of the ground
on which the tractor-trailer combination moves during car-
rying out of the method. The compensation signal could for
example cause the software to generate or access modified
versions of the functions referred to above and relating the
trailer brake fluid pressure to (i) the braking effort caused by
operation of the trailer brake; and (ii) the braking effort
resulting from engine braking.

Additionally or alternatively the method may include the
step of determining the deceleration of the tractor-trailer
combination resulting from braking effort applied via the
tractor brake and/or the deceleration of the tractor-trailer
combination resulting from engine braking using one or
more of an accelerometer that measures deceleration of the
tractor and/or a force transducer that measures forces in one
or more of the drive train of the tractor or the connection
between the tractor hitch and the trailer.

The method of the invention also preferably includes the
steps of sensing a change in transmission ratio and using the
change to initiate establishment of the reference value. This
aspect of the method is particularly useful when the trans-
mission is a CVT, such as but not limited to a hydrostatic
transmission.

Optionally the deceleration of the tractor-trailer combi-
nation for a braking effort applied via the tractor brakes is
less than when the same braking effort is applied via the
tractor brakes in the absence of a trailer.

In a preferred embodiment of the invention the method
includes calculation of the reference deceleration value
Ay perpinaform Ay zzr conm that is a reference decelera-
tion value compensated for the angle o of a slope on which
the tractor-trailer combination operates, Ay rzr coar DEING
determined in accordance with the expression

FTRACTOR_BRAKES

Ax_REF_comp = + gsin(@)

Mrracror

in which additionally g is the value of acceleration due to

gravity.

The invention also resides in apparatus, for carrying out

a method as defined herein, comprising:

a) tractor having a drive train including an engine and at
least one ground-engaging member driveably con-
nected thereto via an adjustable-ratio transmission, at
least one ground-engaging member of the tractor
including at least one tractor brake;

b) a trailer having at least one ground-engaging member
that includes at least one further, trailer brake;

¢) an activator for the at least one tractor brake;

d) an activator for the at least one trailer brake;

e) at least one sensor for sensing one or more variables
giving rise to deceleration of the tractor-trailer combi-
nation resulting from braking effort applied via the
tractor brake;



US 9,481,346 B2

7

f) at least one sensor for sensing one or more variables
giving rise to deceleration of the tractor-trailer combi-
nation resulting from engine braking; and

g) at least one preferably programmable control device for
establishing from the outputs of one or more said the
said sensor devices a target value in a control system
corresponding to a braking effort of the trailer brake
that approximates the braking of the tractor-trailer
combination to the braking of the tractor when consid-
ered alone, wherein the activator for the trailer brake is
connected to operate in dependence on the target value.

Such apparatus preferably includes an open control loop
to which the sensed values of the variables giving rise to
deceleration of the tractor-trailer combination resulting from
engine braking and/or pedal braking are input.

Moreover the control device in preferred embodiments of
the invention is programmable and includes programmed
therein a function that maps the target braking effort of the
trailer brake to a value of brake fluid pressure in the activator
for the at least one trailer brake.

Preferably the tractor brake and/or the trailer brake
includes or is operatively connected to an antilock braking
system (ABS).

Testing of a tractor-trailer combination that is arranged to
operate in accordance with the method of the invention
and/or that amounts to or includes apparatus in accordance
with the invention has revealed significant performance
improvements as a result of the invention.

In a low-traction test performed on a so-called “skid pan”
(i.e. an experimental roadway exhibiting a low coefficient of
friction with vehicle tyres) a tractor-trailer combination not
in accordance with the invention when braked from mod-
erate or high speeds showed a propensity to jack-knife,
potentially dangerously. A comparable tractor-trailer com-
bination in accordance with the invention however reliably
pulled up safely and predictably with the tractor and trailer
in line with one another and with no appreciable tendency
towards jack-knifing.

Unexpectedly moreover a tractor-trailer combination
according to the invention is characterised by more general
improvements in braking performance.

In this regard in a high-traction test, in which the tractor-
trailer combination is driven on a dry, generally flat road
surface not constituted as a skid pan, the braking distance is
significantly shortened through use of the invention.

In more detail, in a test a tractor-trailer combination in
accordance with the invention stopped in a high-traction
braking test in a distance that was virtually the same as that
of a tractor on its own (not towing a trailer) when braked
from the same speed on the same test roadway. A tractor-
trailer combination not in accordance with the invention on
the other hand when braked under identical circumstances
required a braking distance several multiples of that required
by the tractor-trailer combination according to the invention
or a tractor driving alone.

In the tests the design, performance and condition of the
tractor was the same in each case, except that in one set of
measurements software implementing the method of the
invention using apparatus as described herein was switched
on before braking of the tractor-trailer combination occurred
whereas it was switched off for the tests of the tractor on its
own and of the tractor-trailer combination not in accordance
with the invention.

In one test the braking distance required by the tractor-
trailer combination not according to the invention was
nearly three times that required by the tractor-trailer com-
bination according to the Invention or a tractor on its own.
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The improvement in braking distance performance pro-
vided by the invention is in no way suggested in the prior art.

All the advantages of the invention have been found to
arise in respect of a very wide range of surfaces on which the
tractor trailer combination may operate. These include but
are not limited to tarmac, concrete, grass and gravel. The
braking and anti-jacknife benefits furthermore are evident
regardless of whether such surfaces are wet or dry, and
regardless of whether they are flat, inclined uphill or inclined
downhill with respect to the forward movement of the
combination.

There now follows a description of preferred embodi-
ments of the invention, by way of non-limiting example,
with reference being made to the accompanying drawings in
which:

FIG. 1 is a schematic illustration showing some causes of
jack-knifing in a prior art tractor-trailer combination;

FIG. 2 is a plot of conventional values of fluid pressure in
the circuit controlling the trailer brakes, against the braking
effort applied via the tractor brakes;

FIG. 3 is a plot of the relationship between the braking
effort applied via the trailer brakes against the fluid pressure
in the trailer brake valve circuit (i.e. the y-axis from FIG. 2);

FIG. 4 is a combination of FIGS. 2 and 3 thereby showing
the relationship between the braking effort developed by the
tractor brakes (x-axis) and the braking effort developed by
the trailer brakes when the tractor brakes are applied
(y-axis);

FIGS. 5 and 6 schematically show the derivation of a
reference value, in accordance with the invention, from
which a trailer braking effort may be derived that reduces or
preferably eliminates the risk of jack-knifing occurring;

FIG. 7 shows in schematic form the interconnection of
certain components a conventional apparatus for braking a
tractor and trailer combination;

FIG. 8 shows in schematic form the interconnection of
apparatus, in accordance with the invention, for performing
a method in accordance with the invention;

FIG. 9 shows the control loop by which the method of the
invention proceeds and according to which the apparatus of
the invention operates;

FIG. 10 is a plot of an open loop map defining a relation
between the fluid pressure in the trailer brakes circuit and the
braking effort created by engine braking, that contributes to
the control arrangement of the invention; and

FIGS. 11a and 115 show schematically the definition of a
measureable steering angle that in some embodiments of the
invention is an input variable to the control system.

Referring to the drawings, FIG. 1 illustrates the forces that
may cause jack-knifing in a tractor-trailer combination 10.

In FIG. 1 a tractor 11 tows behind it a trailer 12 that is
coupled to it by way of a tractor-trailer joint or connection
13. In FIG. 1 the tractor-trailer combination is shown turning
on a roadway, but the invention is equally applicable when
the combination is operating off-road and/or when travelling
in a straight line.

In the example illustrated the tractor 11 is a two-wheel
drive, wheeled tractor. As explained herein however the
tractor 11 may take a range of other forms within the scope
of the invention.

Similarly for purposes of illustrating the invention the
trailer 12 is shown in FIG. 1 as a twin-axle trailer having at
least one, and in the embodiment illustrated two, braked
axles 17a, 17b in which the left and right ground-engaging
wheels are capable of being braked; but other designs of
towed vehicle may, within the scope of the invention, be
substituted for the trailer 12 shown.
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The connection 13 is a conventional trailer towing joint.
This means that the coupling between the tractor 11 and
trailer 12 is articulated to permit the combination 10 to turn
as illustrated in FIG. 1; and that the coupling is relatively
rigid in the fore- and aft-directions such that longitudinally
acting forces between the trailer 12 and tractor 11 are
transmitted without any appreciable attenuation.

In any situation therefore in which the tractor 11 decel-
erates more rapidly than the trailer 12 the mass Mz, z of
the trailer acts forwardly via the joint 13 and pushes the
tractor 11 from behind with a force Frrrrir rrammer- AS
shown by the large arrow in FIG. 1 when such a force acts
in a direction that is not aligned with the longitudinal axis of
the tractor 11 the latter receives an offset force, at the rear,
tending to slew the rear of the tractor off-centre.

If as illustrated in FIG. 1 the steering wheels 18 of the
tractor are turned, such forces exaggerate the steering of the
tractor 11 such that oversteer occurs. The turning moment
acting on the tractor as a result of these effects is represented
schematically by the arcuate arrow in FIG. 1.

As explained above, under some circumstances the force
Fiverrrar mramer 18 sufficient to overcome the grip of the
rear, driven wheels 14, 16 of the tractor 11.

The reasons for potential jack-knifing include operation of
the tractor brakes that causes more aggressive braking of the
tractor 11 than the trailer 12; and releasing of the throttle/
governor control, both as described above.

The coupling 13 experiences the pushing force generated
by the trailer as F ;. FIG. 5 shows the longitudinal force
balance in the tractor 11, when towing the trailer 12.

In FIG. 5 in addition to the quantities mentioned above the
forces Fivprrrar _rracror A Frpicror_sraxes are shown.

As its naming implies, Fzrrmir  mracror relates to the
inertial force derived from motion of the mass of the tractor
11; and F oz, ~ror sraxzs Signifies the braking effect expe-
rienced at the driven wheels 16, 17. The braking effect could
derive from activation of the tractor brakes; release of the
throttle/governor control; or a combination of these two
causes of braking effort.

The force balance equation during braking of the prior art
tractor-trailer combination 10 of FIG. 5 is:

FTRA CTOR?BRAKES:FINERTIAI;ZRA crort
FJOINT:MZRACTORAXiTRACTOR"'FJOIZ\’T

ey
in which Mg, 70z 15 the mass of the tractor 11 and
Ay rricror 18 the deceleration of the tractor at a given

instant.
From Equation 1 can be derived that:

Frracror_srakes = Fromr 2
AX_TRACTOR = 7
TRACTOR
Equation 2 shows that the tractor deceleration
Ay rricror  depends on  the  braking action

Frricror sraxss the tractor mass M , ~rog and the push-
ing force F ., at the joint 13. Thus the tractor brakes in the
prior art method and apparatus must brake the tractor mass
and must resist any component of force transmitted for-
wardly via the joint 13.

Since the braking effort F» , ~70r zr4xzs BRAES can be
measured during braking and the tractor mass My , 70z 1S
known, the deceleration Ay ,x 7oz 15 an indirect measure
of the force F ;- It follows that by setting the deceleration
of' the tractor 10 to a value corresponding to the deceleration
of the tractor mass when considered alone one may elimi-
nate the effect of the trailer. The objective therefore of the
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method of the invention is to control the braking of the
trailer so that the deceleration of the tractor is that of the
tractor alone. This in turn means that no net force is
transmitted forwardly via the hitch.

The general expression of the tractor deceleration is:

®

FTRACTOR_BRAKES
AX_TRACTOR = B —
TRACTOR

It follows that one may, in accordance with the method of
the invention, develop a reference deceleration value that
equates to the desired tractor deceleration characteristic.

The reference deceleration value may be calculated as:

@)

FTRACTOR_BRAKES
AX_REF = ———————
Mrracror

When considering the tractor-trailer combination 10 as
represented in FIG. 6 the following relation holds:

®

Frractor_srakes + Frraier

AX_TRACTOR = AX_TRACTOR =
- - Mrractor + MTRAILER

The objective in control terms therefore is to set the
deceleration Ay 7x4cror Of the tractor 11 (which as indi-
cated equals the trailer deceleration) to be the same as the
reference deceleration value A zzz-

In other words a control loop in which

©

Frracror_srakes + FrraiLer _ A

AX_TRACTOR = X_REF

Mrracror + MrraiLer

will result in the desired control of the trailer braking that
eliminates or significantly reduces the risk of jack-knifing.

From these considerations one may derive the braking
effort Frpirer sraxes orenv roop required at the trailer
brakes to achieve the desired deceleration as:

o

FTRAILERfBREAK570PEN7L00P =

FENGINEfBRAKES + FTRAILERﬁBRAKESﬁOPEwaOP

= Ax_REF
Mrractor + MTRAILER -

The value of Frgyyrer sraxes oren roor may be input
as an open-loop control command to a brake circuit acting

on the trailer axles 17a, 176 in order to eliminate the
jack-knifing risk.

As shown by the schematic model that is FIG. 9 the
required braking effort ¥y s cror sraxes oren roop canbe
generated in a device 23 such as an Op-Amp, from a
comparison in a comparator 22 of the reference deceleration
value A, -~ and the actual (measured or calculated) decel-
eration Ay ;»,~ror Of the coupled tractor-trailer combina-
tion.

Apparatus for implementing the method of the invention
is described in more detail below, but it is desirable to study
FIG. 9 at this stage in order to understand one way (of
several possible ways) of implementing the invention.

The device 23 derives the signal
Frrimer srARES oPEN Loop {OM acombination of maps of
the responses of the system, as discussed further in the
following:



US 9,481,346 B2

11

In FIG. 2 the fluid pressure acting on the trailer brake
valve (labelled 19 in FIG. 6) while the control of the
invention is operational is plotted against the tractor pedal
brake effort Fpppy; sraxes FIG. 2 shows a proportional
relation between the effort applied by the tractor brakes and
the trailer brakes fluid pressure. Some pressure acts in the
trailer brake valve circuit even if the tractor brakes are
deactivated.

FIG. 3 shows the proportional relationship between the
fluid pressure acting on the trailer brake valve (x axis, in
FIG. 3) and the braking effort F 4, ;7 22 zruxss generated in
the trailer braking hardware. FIG. 3 amounts to a map
(MAP(T)) of the trailer braking effort derived from the
trailer braking system fluid pressure.

FIG. 4 represents a combination of FIGS. 2 and 3, and
therefore shows the relation between the quantities
Frepar_sraxes (as defined above) and Frg i px_srazes:

FIGS. 2, 3 and 4 are pictorial representations of data that
may be stored, calculated or otherwise produced in a micro-
processor 21 in which in the preferred embodiment of the
invention the device 23 is incorporated. The electronic
control components shown inside the structure of micropro-
cessor 21 in FIG. 6 however could if desired be constituted
separately and distributed at spaced locations in the tractor-
trailer combination.

FIG. 10 shows a plot that is similar to FIG. 4 except that
the x-axis plots the braking effort F oy srixzs resulting
from any engine braking effect against the trailer brake valve
fluid pressure (y-axis). FIG. 10, that also is generated or
stored in microprocessor 21, amounts to an open-loop map
(MAP(OL)) that may be combined with the map MAP(T) of
FIG. 3 in order to generate the value of
Vorramer_sraxes_oren_roop i the device 23.

The steps described so far therefore amount to determi-
nation of a reference braking effort value derived from (i) the
deceleration of the tractor-trailer combination resulting from
braking effort applied via the tractor brake and/or (ii) the
deceleration of the tractor-trailer combination resulting from
engine braking; and establishing from reference braking
effort value a target value in a control system a braking effort
of the trailer brake that approximates the braking of the
tractor-trailer combination to the braking of the tractor when
considered alone; and also the provision of the control signal
Frramer sraxes oren roop equired for activation of the
trailer brakes to achieve the desired effect in reducing the
risk of jack-knifing.

Frraner_sraxes_oren_roop can be obtained by applying
an average value of fluid pressure as represented by FIG. 10.
In reality the pilot valve pressure may be pulsing (i.e. time
varying). Its average value corresponds to the straight line
map of FIG. 10 even in the case of a pulsing pressure value.

As indicated, the deceleration of the tractor 11 resulting
from activation of the trailer brake may be measured for
example by sensing the pressure of hydraulic fluid in the
tractor brake circuit and generating a voltage proportional
thereto.

The deceleration resulting from release of a throttle or
governor control may be calculated from the instantaneously
prevailing transmission ratio together with the radius of the
tractor driven wheels 174, 175 that gives rise to a braking
torque value.

Since from Equation 4 it is known that the reference
tractor deceleration is represented by the braking effort at the
tractor brakes divided by the tractor mass, and neglecting
rotational inertias of engine components and tyre slip at the
driven wheels 17a, 175, the following relation holds:
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Frrakes CENGTTRANS @®

Ax_REF = =
- Mrracror  Mrractor Rrract_wHEEL

In Equation 8 C,; is the torque developed by the engine;
Trrans 18 the prevailing transmission ratio; and
Ryracr wrees is the radius of the driven wheels 17a, 175 of
the tractor 11.

Various forms of CVT can produce voltage signals that
are proportional to the prevailing transmission ratio. One
particularly suitable type is the CNH Powershift transmis-
sion series, in which a microprocessor (electronic control
unit or ECU) controls the prevailing transmission ratio. The
signals generated in the microprocessor can be used directly
to derive the transmission ratio voltage since these are
transmitted via the vehicle CAN-BUS.

The engine torque similarly can be directly measured and
in many tractor designs sensors are included for this pur-
pose. The driven wheel radius is known and is assumed to
be a constant in the generation of the reference value.

As alternatives to the foregoing methods of calculating
the tractor deceleration however it is possible for example to
sense the force F ;- acting via the connection 13 between
the tractor and the trailer. This may be achieved for example
through the use of a load cell or other force-sensing trans-
ducer.

Similarly in an articulated tractor it is possible to sense
forces acting via the articulation (steering) cylinders and
thereby derive the signals needed to generate the trailer
braking effort target signal, or as described below in relation
to a non-articulated tractor.

In this regard one may define the steering angle of the
front wheels of a non-articulated tractor 11a in accordance
with the angle “Steering Angle” visible in FIG. 11a; and in
an articulated tractor 115 in accordance with “Steering
Angle” as illustrated in FIG. 115. Any of a range of sensor
types may be used to generate a signal (that typically is an
electrical signal but need not necessarily be so) that is
indicative of the steering angle.

In one embodiment of the invention the sensing of a
change in transmission ratio at a time of no activation of the
throttle or governor control could be used to initiate cycling
of the control loop described above.

As indicated above, the control loop of the invention is
summarised in FIG. 9.

In FIG. 9 are shown the tractor-trailer combination 10, the
brake actuator valve 19 of the trailer brakes and a micro-
processor 21 connected as illustrated.

The microprocessor 21 includes a summing junction or
comparator 22 at which the tractor deceleration value
Ay sracror and the reference value Ay .. are subtracted
one from the other to generate a difference signal that an
amplifier 23 (such as but not limited to an OpAmp or similar
device) having a gain C(s) generates as an output voltage
Poror zeo- This is input as a command voltage to the trailer
brake valve 19, resulting in the generation of the trailer
braking target value gz zr_sraxes_oren roor

The microprocessor 21 includes a reference generator 24
to which the tractor braking effort F ;. , c70r sruxzs (that as
indicated preferably is measured as the pressure in the
hydraulic brake line of the tractor 11) is input. From this the
reference generator 24 develops A . as signified in FIG.
9.

The mass of a tractor is variable, depending on the use to
which the tractor is put. When towing however at least one
source of mass variation, namely the three point hitch from



US 9,481,346 B2

13

which an implement is supported, is not available for use.
Therefore the only possible mass variations result from the
addition of a weight pack or similar ballast at the front of the
vehicle 11 and the masses of liquids (such as fuel) carried by
the tractor frame. The variability of these masses compared
with the overall mass of the tractor is not great. Therefore the
tractor mass may be assumed to be constant.

In addition to the foregoing factors it is possible and may
be desirable to measure (e.g. using an inclinometer) the
slope of the ground on which the tractor moves. This could
be used as a multiplication factor of the hitch force F
in order to eliminate the effects of non-flat ground on the
pushing force experienced at the connection or joint 13.

As stated herein additionally or alternatively the forward
velocity of the tractor-trailer combination, or another speed-
related measure, may be used as a variable that is input to the
control system for the purpose of developing the instanta-
neously prevailing value of Ay zpp

FIGS. 7 and 8 show in schematic form a comparison
between a prior art apparatus (FIG. 7) for braking a tractor-
trailer combination 10; and an example of apparatus accord-
ing to the invention (FIG. 8).

In FIG. 7 hydraulic pressure in the tractor brake circuit 23
is generated by the left and right brake pedals and associated
brake boosters 24, 26 in hydraulic lines 27.

The hydraulic pressure activates the tractor brakes 28a,
28b, 28¢, 28d. On activation of the brakes 28 the hydraulic
pressure is piloted to the trailer brake valve 29. This causes
hydraulic fluid pressurised by trailer brake pump 31 to
operate the trailer brakes 32a, 32b. As explained this type of
braking system is prone to causing jack-knifing.

In FIG. 8 the braking arrangement differs in that the
hydraulic pressure in the lines 27 is sensed as described
herein and used to develop the reference value and target
value of the trailer braking effort. A plugged manifold 33
may generate a pressure signal that is input to the ECU of the
trailer brake valve 34 that in the embodiment shown con-
tains the microprocessor 21 illustrated in FIG. 9.

The ECU of brake valve 34 also receives as inputs signals
from the engine ECU 36 of the tractor 11 and from the shift
valve or equivalent component of the CVT of the tractor 11.
In consequence the ECU of the trailer brake valve 34 may
determine the braking effort value
Frramer sraxes oren roop from the settings of the tractor
giving rise to deceleration caused by (a) activation of the
tractor brakes 28a-28d and/or (b) throttle/governor lift-off,
as described. This braking effort value is employed in the
open loop control arrangement described in order to gener-
ate the target trailer braking effort value that minimises the
risk of jack-knifing. Direct piloting of the tractor brakes
hydraulic pressure to the trailer braking circuit does not
occur.

Overall the method and apparatus of the invention confer
considerable safety improvements compared with the prior
art.

In further, optional refinements of the method and appa-
ratus of the invention the control may be such (and the
programmable device programmed such) that the prevailing
difference between the target trailer braking effort and any
braking effort resulting from use of the tractor brake(s) is
calculated. The method and apparatus then can be arranged
so that a maximal braking effort is applied via the trailer
brakes (eg. as represented by a “fully open” condition of a
trailer hydraulic or pneumatic brake valve) while this dif-
ference exceeds a threshold level. The threshold level may
be pre-programmed or may be calculated in dependence on
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a variable value such as a measured slope on which the
tractor-trailer combination s moving.

If the difference value drops below the threshold value
(signifying a low risk of jack-knifing) the control action
could be arranged to cease.

The apparatus and method optionally also could be
arranged so that the deceleration of the tractor-trailer com-
bination is less than that of the tractor when considered
alone. This safety feature could further reduce the risk of
jack-knifing by reducing the overall “aggressiveness” of the
braking effort of the combination.

A further, optional refinement of the invention relates to
operation of the tractor-trailer combination on a slope, and
especially when travelling forwardly down the slope.

Under such circumstances it may be desirable to com-
pensate the calculation of A, ;- to take account of the slope
angle o, through use of the modified expression

FTRACTOR_BRAKES (1D

AX_REF_comp = + gsin(e)

Mrracror

in which Ay rzr conpe 18 the compensated version of
Ay rzrs o as stated is the slope angle and g is the accel-
eration due to gravity.

The value of o can be measured using an inclinometer
fitted to the tractor. The inclinometer could be used to
determine whether Equation (7) or Equation (9) herein is
used to calculate the reference deceleration value, depending
for example on whether the inclinometer output voltage
exceeds a chosen threshold.

For the avoidance of doubt all references to A, 5z herein
may, within the scope of the invention, be replaced by
Ay zzr conp Calculated in accordance with Equation (11),
when considering movement down a slope. In other words
the control of the invention may as desired be “switchable”
to select Ay zpr OFf Ay rpr conpe as the target value of
Ay vrmasoreps depending on whether the tractor is on a
slope or on level ground.

In practice the generation of Ay rrr coar may be imple-
mented by modifying the maps of FIGS. 2, 3, 4 and 10. The
modified maps may be generated in real time when the
inclinometer output signal indicates that a slope compensa-
tion is needed; or in the alternative modified versions of the
maps corresponding to incremental slope inclination values
can be stored e.g. in a memory associated with ECU 36 and
called as necessary in dependence on the inclinometer
voltage output.

Many tractors and other vehicles routinely are fitted with
antilock braking (ABS) systems. The invention includes
within its scope the operation of the method defined herein
in combination with the operational steps of an ABS; and the
inclusion of ABS components in or their operational con-
nection to apparatus as defined herein. One example of many
kinds of ABS that could be used in conjunction with the
method and apparatus of the invention is described in
W02009/103645 Al. The entire disclosure of this document
is incorporated herein by reference.

Furthermore for the avoidance of doubt although in
preferred embodiments of the invention the various other
signals mentioned herein are electrical signals, other signal
types (such as but not limited to hydraulic or pneumatic
pressure signals) are possible within the scope of the inven-
tion.

The listing or discussion of an apparently prior-published
document in this specification should not necessarily be
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taken as an acknowledgement that the document is part of
the state of the art or is common general knowledge.

The invention claimed is:

1. A method of controlling the braking of a coupled
tractor-trailer combination in which the tractor includes a
drive train having an engine and at least one ground-
engaging member driveably connected thereto via an adjust-
able-ratio transmission; at least one ground-engaging mem-
ber of the tractor includes at least one tractor brake; and at
least one ground-engaging member of the trailer includes at
least one further, trailer brake, the method comprising:

determining a reference deceleration value AX_REF

derived from (i) the deceleration of the tractor, when
considered alone, resulting from braking effort applied
via the tractor brake and/or (ii) the deceleration of the
tractor, when considered alone, resulting from engine
braking;

determining from the reference deceleration value, in

accordance with a predetermined relation, a target
value of the braking effort of the trailer brake, wherein
the reference deceleration value is calculated in accor-
dance with the expression

FTRACTOR_BRAKES
Ax REF = —(F———————
Mrractor

wherein AX_REF is the reference deceleration value;
Frricror sraxes 15 the brake force generated by the
tractor from the braking effort applied via the at least
one tractor brake and/or by engine braking; and
Mz 4cror 15 the mass of the tractor omitting the mass
of the trailer; and

using the reference value as a control input in an open-

loop contralto control the braking effort of the trailer
brake so that the braking of the tractor-trailer combi-
nation approximates to the braking of the tractor when
considered alone.

2. A method according to claim 1, wherein the target value
of the braking effect of the trailer brake is
Frricror sraxes oren roop ald is related to the reference
deceleration value AX_REF by the expression:

AX_EB_OPEN_LOOP =

FENGINEfBRAKES + FTRAILERfBRAKE570PEN7L00P

= Ax_RerF
Mrractor + MrraiER -

in which additionally:

Ay £5 opEn 100p 18 the deceleration of the tractor-
trailer combination resulting from activation of at
least one said trailer brake in dependence on the said
target value; Foyemve sraxes 18 the braking effort
resulting from engine braking; and

Mz 18 the mass of the trailer forming part of the
combination.

3. A method according to claim 1 wherein the target value
is generated as a fluid pressure value, wherein the method
includes inputting the target value into a control system
controlling the pressure of fluid in the trailer brake valve and
activating at least one said trailer brake in dependence on the
target value; and wherein the target value of the braking
effort of the trailer brake(s) is calculated based on an average
value of fluid pressure in a circuit including at least one
trailer brake.
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4. A method according to claim 3 wherein the average
value of fluid pressure is an average of a time-varying
pressure value or a time-invariant pressure value.

5. A method according to claim 1 wherein the trailer brake
includes a trailer brake fluid line and the predetermined
relation is a combination of:

(1) a function relating on the one hand the pressure of fluid
in the tractor brake fluid line resulting from the appli-
cation of the tractor brake and on the other hand the
braking effort of the trailer brake; and

(i) a function relating on the one hand the braking effort
resulting from engine braking and on the other hand the
pressure of fluid in the trailer brake fluid line.

6. A method according to claim 3, wherein when the
reference deceleration value is determined from the decel-
eration of the tractor resulting from braking effort applied
via the tractor brake the pressure of fluid in the trailer brake
valve is controlled to be the prevailing maximum based on
the difference between the reference braking effort value and
the value of the braking effort applied via the tractor brake,
the said controlling terminating if the difference between the
reference braking effort value and the value of the braking
effort applied via the tractor brake is less than a chosen
threshold value.

7. A method according to claim 1 including the steps of
measuring or sensing one or more of the following values
and determining the reference value dependence thereon:

a) the torque developed by the engine;

b) the prevailing ratio of the transmission;

c) the steering angle, as defined herein, of the tractor;

d) the slope on which the tractor-trailer combination
moves; and

e) the vehicle speed.

8. A method according to claim 1 wherein the transmis-
sion is a step ratio transmission or wherein the transmission
is a continuously variable transmission.

9. A method according to claim 1 including calculation of
the reference deceleration value AX_REF in a form
Ay rer cour that is a reference deceleration value com-
pensated for the angle o of a slope on which the tractor-
trailer combination operates, Ay zzr con being deter-
mined in accordance with the expression

FTRACTOR_BRAKES

AX_REF_comp = + gsin(e)

Mrractor

in which additionally g is the value of acceleration due to

gravity.

10. A method of controlling the braking of a coupled
tractor-trailer combination in which the tractor includes a
drive train having an engine and at least one ground-
engaging member driveably connected thereto via an adjust-
able-ratio transmission; at least one ground-engaging mem-
ber of the tractor includes at least one tractor brake; and at
least one ground-engaging member of the trailer includes at
least one further, trailer brake, the method comprising:

determining a reference deceleration value AX_REF

derived from (i) the deceleration of the tractor, when
considered alone, resulting from braking effort applied
via the tractor brake and/or (ii) the deceleration of the
tractor, when considered alone, resulting from engine
braking;

using the reference value as a control input in an open-

loop control to control the braking effort of the trailer



US 9,481,346 B2

17

brake so that the braking of the tractor-trailer combi-
nation approximates to the braking of the tractor when
considered alone;

wherein the reference deceleration value calculated dur-
ing deceleration resulting from the braking effort
applied via the tractor brake is calculated at least in part
in proportion to a measurable setting of the tractor
brake; wherein the tractor brake includes at least one
fluid line; and wherein the measurable setting of the
tractor brake is or is proportional to the pressure of fluid
in the fluid line.

11. A method according to claim 10 wherein the reference
deceleration value calculated during engine braking is cal-
culated in proportion to the transmission ratio of the trans-
mission and in proportion to the torque developed by the
engine.

12. A method according to claim 10 including the step of
determining the deceleration of the tractor-trailer combina-
tion resulting from braking effort applied via the tractor
brake and/or the deceleration of the tractor-trailer combina-
tion resulting from engine braking using one or more of an
accelerometer that measures deceleration of the tractor and/
or a force transducer that measures forces in one or more of
the drive train of the tractor and/or the connection between
the tractor and trailer of the combination, and/or a sensor
sensing a change in the ratio of the transmission.

13. A method according to claim 10 wherein the decel-
eration of the tractor-trailer combination for a braking effort
applied via the tractor brakes is less than when the same
braking effort is applied via the tractor brakes in the absence
of a trailer.

14. An apparatus, comprising:

a) a tractor having a drive train including an engine and
at least one ground-engaging member driveably con-
nected thereto via an adjustable-ratio transmission, at
least one ground-engaging member of the tractor
including at least one tractor brake;

b) a trailer having at least one ground-engaging member
that includes at least one further, trailer brake;

¢) an activator for the at least one tractor brake;

d) at least one sensor for sensing one or more variables
giving rise to deceleration of the tractor-trailer combi-
nation resulting from braking effort applied via the
tractor brake;
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e) at least one sensor for sensing one or more variables
giving rise to deceleration of the tractor-trailer combi-
nation resulting from engine braking;

) an open control loop to which the sensed values of the
variables giving rise to deceleration of the tractor-
trailer combination resulting from engine braking and/
or pedal braking are input; and

g) at least one preferably programmable control device for
establishing from the outputs of one or more said the
said sensor devices a target value in a control system
corresponding to a braking effort of the trailer brake
that approximates the braking of the tractor-trailer
combination to the braking of the tractor when consid-
ered alone, wherein the activator for the trailer brake is
connected to operate in dependence on the target value.

15. An apparatus, comprising:

a) a tractor having a drive train including an engine and
at least one ground-engaging member driveably con-
nected thereto via an adjustable-ratio transmission, at
least one ground-engaging member of the tractor
including at least one tractor brake;

b) a trailer having at least one ground-engaging member
that includes at least one further, trailer brake;

¢) an activator for the at least one tractor brake;

d) at least one sensor for sensing one or more variables
giving rise to deceleration of the tractor-trailer combi-
nation resulting from braking effort applied via the
tractor brake;

e) at least one sensor for sensing one or more variables
giving rise to deceleration of the tractor-trailer combi-
nation resulting from engine braking; and

g) at least one preferably programmable control device for
establishing from the outputs of one or more said the
said sensor devices a target value in a control system
corresponding to a braking effort of the trailer brake
that approximates the braking of the tractor-trailer
combination to the braking of the tractor when consid-
ered alone, wherein the activator for the trailer brake is
connected to operate in dependence on the target value,

wherein the control device is programmable and includes
programmed therein a function that maps the target
braking effort of the trailer brake to a value of brake
fluid pressure in the activator for the at least one trailer
brake.



